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Method for Treating Mycobacterium tuberculosis 

1 5 BACKGROUND OF THE INVENTION 

Field of the Invention 

20 The present invention is directed to a method for treating 

tuberculosis in a mammal which comprises administering to the mammal a 
therapeutically effective amount of an inhibitor compound that inhibits an 
enzyme in the branched chain amino acid biosynthetic pathway in 
Mycobacterium tuberculosis, 

25 

Description of the Background 

30 The disclosures referred to herein to illustrate the background 

of the invention and to provide additional detail with respect to its practice are 
incorporated herein by reference and, for convenience, are referenced in the 
following text and respectively grouped in the appended bibliography. 
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Tuberculosis (TB) kills 2.5 million people annually and the 
World Health Organization estimated that, at the current rate of increase, there 
will be 4 million tuberculosis deaths worldwide per year by the year 2005 
(Bloom and Murray, 1992). In addition, the percentage of clinical tuberculosis 

5 isolates that are resistant to the first-line drugs isoniazid and rifampicin has 
increased substantially (Collins, 1993; Jacobs, 1994). Outbreaks of drug- 
resistant tuberculosis have occurred in correctional facilities, hospitals, and 
urban areas in the United States. Most of the drug-resistant tuberculosis has 
occurred in patients who are co-infected with HIV and the mortality rate 

10 associated with these infections is as high as 90% (Collins, 1993; Dunlap and 
Kimerling, 1994). The rise in tuberculosis cases in the United States is also 
attributed to an increase in immigration from areas of the world in which 
tuberculosis infection rates are high (Dunlap and Kimerling, 1994; Hutchins and 
Hershfield, 1993). A major part of the strategy to overcome the worldwide 

15 tuberculosis problem will be the development of new therapeutic agents to treat 
this disease (Collins, 1993). 



Historically, antimycobacterial drugs were discovered by 
screening compounds for inhibition of growth of the bacteria. The search for 

20 the target site of these compounds occurred after they were shown to be useful 
antibiotics. For example, isoniazid was introduced as an antimycobacterial drug 
in 1952 but its target site was not elucidated until 1995 (Dressen et al., 1995). 
Furthermore, the mechanism of toxicity of isoniazid is still not understood 
because it is converted by the bacteria to a toxic metabolite that has not been 

25 identified (Dressen et al M 1995; Zang and Young, 1993). The target sites of 
two other first-use drugs, ethambutol (Silve et al., 1993; Takayama and 
Kilburn, 1989; Wolucka et al, 1994) and pyrazinamide (Heifets et al., 1989) 
are not yet defined. 

30 Using transposon mutagenesis, McAdam et al. isolated two 

leucine auxotrophic strains and one methionine auxotrophic strain of A/, bovis 
(BCG) (McAdam et al., 1995). Infection of mice with the auxotrophic strains 
was compared with the parent strain. On day 30 of infection, there were 100- 
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fold more colony-forming units (cfii) of BCG in the spleens and lungs of mice 
infected with the parent strain than in mice infected with the leucine auxotrophic 
strains. Conversely, the numbers of colony forming units measured in mice 
infected with the methionine auxotrophic strain were comparable to the parent 
5 strain. Both of the leucine auxotrophic strains contained transposon insertions 
in the leuD gene, which encodes a subunit of isopropylmalate isomerase (IPMI) 
(see Figure 1). 



The discovery that the phytotoxic effect of sulfonyl urea 
10 herbicides is due to inhibition of the first step in branched chain amino acid 
synthesis focused a great deal of research on this pathway for development of 
new herbicides (Hawkes et al., 1989; Schloss, 1994; Schloss et aL, 1988). 
This effort has led to discovery of a large number of branched chain amino acid 
pathway inhibitors, some of which are produced in large quantity for 
15 commercial use. 



SUMMARY OF THE INVENTION 



The present invention pertains to a method for treating 
tuberculosis in a mammal which comprises administering to the mammal a 
therapeutically effective amount of an inhibitor compound that inhibits an 
enzyme in the branched chain amino acid biosynthetic pathway in 
Mycobacterium tuberculosis. 

The present invention also pertains to a therapeutic composition 
useful for treating tuberculosis in a mammal which comprises an inhibitor 
compound that inhibits acetolactate synthase and an inhibitor compound that 
30 inhibits ketol-acid reductoisomerase in the branched chain amino acid 
biosynthetic pathway in Mycobacterium tuberculosis. 



20 



25 
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BRIEF DESCRIPTION OF THE FIGURES 

5 Figure 1 is a diagram illustrating the pathway for branched chain 

amino acid biosynthesis. ALS, acetolactate synthase; KARI, ketol-acid 
reductoisomerase; DHAD, dihydroxyacid, dehydrogenase; IPMS, 
isopropylmalate synthase; IPMI, isopropylmalate isomerase; IPMD, 
isopropylmalate dehydrogenase. R = methyl for pyruvate; R = ethyl for a- 
10 ketobutyrate. 

Figure 2 illustrates the effect of sulfometuron methyl (SM) 
injections on Mycobacterium tuberculosis growth in lungs and spleens of 
infected mice. Treatment was initiated on day 5 of infection and was 
15 administered each day for 31 days. Mice were then sacrificed for determination 
of Mycobacterium tuberculosis colony forming units (cfu). Symbols: squares, 
phosphate bufferd saline; diamonds, 20 mg sulfometuron methyl/kg body 
weight; circles, 100 mg sulfometuron methyl/kg body weight; triangles, 500 mg 
sulfometuron methyl/kg body weight. 

20 

Figure 3 is a diagram showing the structures of the sulfonylurea 
herbacides having Formula 1. Definitions of the Ri group are given in Figure 4 
and definitions of the R2 and R3 groups are given in Figure 5. 

25 Figure 4 is a diagram providing the definitions of the Ri group in 

the structures of the sulfonylurea herbacides having Formula 1, set out in 
Figure 3. 

Figure 5 is a diagram providing the definitions of the R2 and R3 
30 groups in the structures of the sulfonylurea herbacides having Formula 1, set 
out in Figure 3. 
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Figure 6 is a diagram showing the structures of the 
imidazoiinones (2-5), the triazolopyrimidine sulfonamides (6-7, and the 
pyrimidyloxy salicylic acids (8). 

Figure 7 is a diagram showing (a) a series of Af-substituted oxalyl 
hydroxamates (9-14) synthesized as analogs of the transition state for the 
rearrangement step of ketol-acid reductoisomerase; (b) 0-substituted oxalyl 
hydroxamates (15-17) as selective inhibitors of isopropylmalate dehydrogenase; 
(c) an experimental herbicide, the phosphinic acid 2-dimethylphosphinoyI-2- 
hydroxy acetic acid (18), discovered to be a potent and selective inhibitor of 
ketol-acid reductoisomerase; (d) the mechanistically related enzyme aconitase, 
nitronate analogs of the substrates of isopropylmalate isomerase, 19 and 20; and 
(e) cyclic nitronate analogs, 21 and 22. 



DETAILED DESCRIPTION OF THE INVENTION 



Applicants have discovered that inhibitors of the branched chain 
amino acid biosynthetic enzymes of Mycobacterium tuberculosis, which supply 
leucine to the bacteria, would prevent the progress of infection by 
Mycobacterium tuberculosis. Advantages of targeting branched chain amino 
acid biosynthesis include the following i) new potential drugs may be drawn 
from the large pool of pre-existing inhibitors currently available in large 
quantities and used commercially as herbicides; ii) combination therapy with 
inhibitors of different steps in the pathway offers potential for synergistic 
inhibition; iii) mammals do not produce the branched chain amino acid 
biosynthetic enzymes and, therefore, treatment of bacterial infection with 
compounds that inhibit these enzymes would be specific for the pathogenic 
organism, decreasing the potential for mammalian toxicity; iv) intensive studies 
of several bacterial branched chain amino acid biosynthetic enzymes has yielded 
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information that will be very useful in the design of new inhibitors that are 
specifically selected for inhibition of Mycobacterium tuberculosis enzymes. 



As set out above, leucine auxotrophic strains of M. bovis (BCG) 
5 were unable to establish an infection in mice (McAdam et al M 1995). This 
result suggests that leucine biosynthesis is required for pathogenesis of 
Mycobacterium tuberculosis and that drugs that deprive this organism of the 
ability to synthesize branched chain amino acids may be effective as 
antituberculosis agents. Applicants have found that two branched chain amino 
10 acid biosynthetic inhibitors are potent inhibitors of Mycobacterium tuberculosis 
growth in vitro and that combining inhibitors of the first and second common 
steps of the pathway produces highly synergistic growth inhibition. Moreover, 
applicants have found that sulfometuron methyl, an inhibitor of the first step in 
the pathway, inhibites growth of Mycobacterium tuberculosis in a mouse model 
15 system. Compounds that inhibit the branched chain amino acid biosynthetic 
pathway have therapeutic potential for treating tuberculosis. 

The compounds that inhibit the branched chain amino acid 
biosynthetic pathway in Mycobacterium tuberculosis of the present invention can 

20 be administered to mammals, e.g., animals or humans, in amounts effective to 
provide the desired tuberculosis inhibitory activity. Since the activity of the 
compounds and the degree of the desired therapeutic effect vary, the dosage 
level of the compound employed will also vary. The actual dosage administered 
will also be determined by such generally recognized factors as the body weight 

25 of the patient and the individual hypersensitiveness of the particular patient. 
Thus, the unit dosage for a particular patient (man) can vary from as low as 
about lmg per kg of body weight, which the practitioner may titrate to the 
desired effect. A preferred minimum dose for titration is from about from 
about lmg/kg to about 500mg/kg body weight, preferably from about 5mg/kg 

30 to about 350mg/kg body weight, and more preferably from about lOmg/kg to 
about 200mg/kg body weight. A preferred minimum dose for sulfometuron 
present is about 150mg/kg body weight. 
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The present invention is further illustrated by the following 
examples which are not intended to limit the effective scope of the claims. All 
parts and percentages in the examples and throughout the specification and 
claims are by weight of the final composition unless otherwise specified. 

Examples 

The following experiments were performed to determine (1) 
whether inhibitors of the first and second enzymes in the branched chain amino 
acid biosynthetic pathway inhibit growth of Mycobacterium tuberculosis in 
vitro; (2) the minimum inhibitory concentration (MIC) of these inhibitors; and 
3) whether injections of an inhibitor of branched chain amino acid biosynthesis 
prevent growth of Mycobacterium tuberculosis in vivo in a mouse model 
system. 

Mycobacterium tuberculosis strains used in these studies. 

Strain RC1 is a clinical isolate obtained from a patient sample 
that was submitted to the Kennedy Memorial Hospitals Microbiology 
Laboratory, Cherry Hill, NJ. Strain ATCC35801 was from the American Type 
Culture Collection and was selected for this study because it was virulent in 
mice (Klemens et al., 1994). 

Mycobacterium tuberculosis growth in vitro was prevented by acetolactate 
synthase (ALS) inhibitors 

Sulfometuron methyl (SM) is a herbicidal compound that inhibits 
acetolactate synthase, the first common enzyme in the branched chain amino 
acid biosynthetic pathway (Figure 1) (Schloss et al. t 1988). The minimum 
inhibitory concentration for growth of Mycobacterium tuberculosis was 
determined by an agar dilution method (described below) using medium 
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containing no branched chain amino acids or medium supplemented with 
branched chain amino acids. The clinical isolate, strain RC1, was more 
sensitive to inhibition by sulfometuron methyl (minimum inhibitory 
concentration = 0.3 ng/ml) than was strain ATCC35801 (minimum inhibitory 

5 concentration = 3.6 ng/ml) (Table 1). These minimum inhibitory 
concentrations were in the same range as first-line antituberculosis drugs, which 
ranged from 0.2 \xglml for isoniazid to 16 ng/ml for pyrazinamide (Table 2). 
Addition of isoleucine and valine to the plates did not prevent inhibition of 
strain RC1 by sulfometuron methyl (not shown). Addition of leucine, 

10 isoleucine, and valine (LTV) to the medium, however, partially reduced the 
toxicity of sulfometuron methyl towards strain RC1 (minimum inhibitory 
concentration = 1.8 jig/ml). Leucine, isoleucine, and valine addition also 
prevented the toxicity of sulfometuron methyl towards strain ATCC35801 
(minimum inhibitory concentration > 3.6 ng/ml). Chlorsulfuron, another 

15 sulfonylurea herbicide that inhibits acetolactate synthase, inhibited the growth of 
Mycobacterium tuberculosis strain RC1 (minimum inhibitory concentration = 
4.4 ng/ml. Addition of leucine, isoleucine, and valine to the growth medium 
completely reversed the effects of chlorsulfuron (minimum inhibitory 
concentration > 35 ng/ml). Typically, medium used for minimum inhibitory 

20 concentration determinations with mycobacteria contains bovine serum albumin 
(BSA) or sodium oleate and bovine serum albumin, which stimulate growth of 
mycobacteria. When the medium was supplemented with bovine serum albumin 
or with sodium oleate and bovine serum albumin, the minimum inhibitory 
concentrations for sulfometuron methyl against strain RC1 were significantly 

25 increased (minimum inhibitory concentrations = 4.4 |ig/ml and 2.2 jag/ml, 
respectively) suggesting that the bovine serum albumin preparation used in these 
experiments contained free leucine, isoleucine, and valine (not shown). 
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Susceptibility of Mycobacterium tuberculosis to ketol-acid reductoisomerase 
inhibitors in vitro. 

Ketol-acid reductoisomerase (KARI) catalyzes the second 
5 common step in branched chain amino acid biosynthesis (see Figure 1). N- 
Isopropyloxayl hydroxamate (IpOHA) and 2-cUmethylphosphinoyl-2-hydroxy 
acetic acid (Hoe 704) are transition state analogs that bind to the active site of 
ketol-acid reductoisomerase (Aulabaugh and Schloss, 1990; Schloss and 
Aulabaugh, 1990; Schulz et al., 1988) and are potent inhibitors of this enzyme. 
N-isopropyloxayl hydroxamate and 2-dimethylphosphinoyl-2-hydroxy acetic 
acid were tested for antimycobacterial activity by the agar dilution method 
(Table 1). N-isopropyloxayl hydroxamate was slightly more effective against 
strain RC1 (minimum inhibitory concentration = 9.2 ^ig/ml) than it was against 
strain ATCC35801 (minimum inhibitory concentration = 18 jig/ml). Addition 
of branched chain amino acids did not reverse the toxic effects of N- 
isopropyloxayl hydroxamate on strain RC1. In contrast, branched chain amino 
acids decreased the toxicity of N-isopropyloxayl hydroxamate against strain 
ATCC35801 (minimum inhibitory concentration > 18 ^lg/ml). 2- 
dimethylphosphinoyl-2-hydroxy acetic acid was not inhibitory to growth of 
strain RC1 at concentrations up to 37 ng/ml and was not tested against strain 
ATCC35801 

Synergistic inhibition by sulfometuron methyl and N-isopropyloxayl 
hydroxamate 

Since sulfometuron methyl and N-isopropyloxayl hydroxamate 
inhibit two separate steps in the branched chain amino acid pathway, a mixture 
of these compounds was tested for synergistic growth inhibition. Medium 
containing 3.6 ng/ml sulfometuron methyl and 18 ng/ml N-isopropyloxayl 
hydroxamate was prepared and concentrations were varied by serial 2-fold 
dilutions. Although strain ATCC35801 grew well on plates containing no 
inhibitor, it did not grow on any of the plates containing the combination of 
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sulfometuron methyl and N-isopropyloxayl hydroxamate. The results indicated 
a greater than 250-fold synergy between the two inhibitors (minimum inhibitory 
concentration < 0.01 ng/ml sulfometuron methyl; <0.07 jig/ml N- 
isopropyloxayl hydroxamate) as compared to either sulfometuron methyl alone 
5 (minimum inhibitory concentration = 3.6 jig/ml) or N-isopropyloxayl 
hydroxamate alone (minimum inhibitory concentration = 18 ^g/ml) (Table 1). 
Addition of leucine, isoleucine, and valine to plates containing the combination 
of sulfometuron methyl and N-isopropyloxayl hydroxamate completely 
alleviated the effects of these compounds (minimum inhibitory concentration > 
10 3.6 |ig/ml sulfometuron methyl; > 18 ^ig/ml N-isopropyloxayl hydroxamate), 
indicating that the toxic effect was due to inhibition of branched chain amino 
acid biosynthesis (Table 1). 

Sulfometuron methyl was effective at inhibiting the progress of tuberculosis 
15 infection* 

Mice were infected with Mycobacterium tuberculosis strain 
ATCC35801 and injections of either sulfometuron methyl or phosphate buffered 
saline (PBS) were administered each day for 31 days beginning 5 days post- 
20 infection. Infection was measured by homogenizing spleens and lungs and 
plating homogenates to determine colony forming units (cfti) of Mycobacterium 
tuberculosis. The most striking result from the mouse study was the lower 
colony forming units in the lungs of the mice given 500 mg sulfometuron 
methyl /kg body weight as compared to the other groups (Figure 2). Thirteen 
25 out of 20 (65%) mice in groups that received either phosphate buffered saline, 
20 mg sulfometuron methyl/kg, or 100 mg sulfometuron methyl/kg had more 
than 10 colony forming units in the lungs, whereas none of the eight mice in 
the group that received 500 mg sulfometuron methyl/kg had more than 200 
colony forming units in the lungs (Figure 2). Because of the small number of 
30 samples and the heterogeneity of the variance across the four groups, we used a 
non-parametric Kmskal-Wallis statistical analysis to determine if there were 
differences between the values obtained for the four groups of mice (Siegel, 
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1956). The results of this analysis suggested that there was an overall 
difference between the values obtained from the lungs of the four groups (Table 
3). The Mann- Whitney U test was used to determine which groups differed 
from each other (Siegel, 1956). This test showed that there was a significant 

5 difference between groups that received phosphate buffered saline, 20 mg 
sulfometuron methyl/kg, and 100 mg sulfometuron methyl/kg when each was 
compared individually with the group that received 500 mg sulfometuron 
methyl/kg (Table 4), We concluded from this that sulfometuron methyl given 
at a dose 500 mg/kg body weight significantly reduced growth of 

10 Mycobacterium tuberculosis in the lungs. 



The data from the spleen samples also suggested that 
sulfometuron methyl inhibited infection in this organ but statistical analysis did 
not support this conclusion. About half of the mice in groups that received 

15 either phosphate buffered saline, 20 mg sulfometuron methyl/kg, or 100 mg 
sulfometuron methyl/kg (12/23 = 52%) had over 10 3 colony forming 
units/spleen whereas only 1 of 8 mice (13%) in the group that received 500 mg 
sulfometuron methyl/kg had more than 10 colony forming units /spleen. The 
Kruskal-Wallis analysis indicated that there were no statistically significant 

20 differences in the values obtained from the spleen samples (P > 0.05), 
preventing us from concluding with confidence that sulfometuron methyl 
inhibited growth of Mycobacterium tuberculosis in the spleen. 



Methods 

25 

Determination of minimum inhibitory concentration 



Minimum inhibitory concentrations were determined by an agar 
dilution method (Murray, 1995). Minimal medium was Middlebrook 7H10 
agar medium base (Gibco) supplemented 0.5% glycerol, 0.2% glucose, and 34 
mM NaCl. This medium contained no amino acids. In some experiments the 
7H10 agar was supplemented with 5 g/L bovine serum albumin fraction V 
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(7H10 ADC), or with 5 g/L bovine serum albumin fraction V and 50 mg/L 
sodium oleate ( 7H10 OADC). Serial two-fold dilutions of concentrated stock 
compound were prepared and added to the molten agar at 50° C prior to 
pouring it onto petri plates. To prepare medium containing isoleucine and 
5 valine or leucine, isoleucine, and valine (LIV), stock solutions of the amino 
acids were added to the molten agar to give final concentrations of 35 mg/L 
isoleucine, 70 mg/L valine, and 70 mg/L leucine. To inoculate agar medium, 
frozen stock cultures of Mycobacterium Tuberculosis (stored at -80° C) were 
used to prepare slant cultures on Middlebrook 7H11 medium (Becton- 

10 Dickenson) containing casein hydrolysate, bovine serum albumin, and sodium 
oleate. The slant cultures were incubated for 3 weeks at 37 °C in a 10% C02 
atmosphere. Slant cultures were used to inoculate Middlebrook 7H10 agar 
minimal medium, the plates were incubated for 3 weeks at 37° C, and cells 
from the plates were suspended in liquid Middlebrook 7H9 minimal medium by 

15 vortexing extensively in the presence of glass beads (Middlebrook 7H9 is the 
same as 7H10 except that 7H9 contains no agar). The suspension was allowed 
to settle for 10 minutes and was diluted to a density that matched a McFarland 
#1 standard. Fifty \il of suspension was used to inoculate plates, the liquid was 
allowed to dry, and the plates were incubated at 37° C in a 10% CO2 

20 atmosphere for 3-4 weeks. The minimum inhibitory concentration was defined 
as the lowest concentration of the compound that prevented growth of the 
organism. 

Mouse studies 

25 

To determine if high doses of sulfometuron methyl would be 
toxic to mice, a 20 mg/ml solution of this compound was prepared in phosphate 
buffered saline and 0.5 ml of this was injected subcutaneously into 4 day-old 
CD-I female mice each day for 30 days. This dose corresponded to 500 mg 
30 sulfometuron methyl/kg body weight of the mouse. After the 30-day course of 
treatment the mice were sacrificed and the internal organs were examined by a 
veterinarian trained in laboratory animal care. The organs were compared to a 
control group that received injections of phosphate buffered saline. No 
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significant differences were seen in either the behavior of the mice or the 
condition of the internal organs when the sulfometuron methyl-injected mice 
were compared to the phosphate buffered saline-injected mice. 

5 For the tuberculosis mouse model study, a modification of the 

method of Klemens et aL (Klemens et aL, 1994) was used. Slant cultures of 
Mycobacterium tuberculosis strain ATCC35801 were prepared by inoculation of 
Middlebrook 7H11 with a frozen glycerol stock culture. The slants were grown 
for 3 weeks at 37°C in a 10% CO2 atmosphere. These cultures were 

10 subcultured onto another Middlebrook 7H11 slant and a cell suspension was 
prepared in Middlebrook 7H9 medium. The suspension was vortexed 
rigorously with glass beads in the tube to disrupt clumps of bacteria and was 

allowed to settle for 10 minutes prior to adjusting the cell density to match a 0.5 

8 7 
McFarland standard (approximately 1.5 x 10 cells/ml). A quantity of 10 

15 cells was injected into the tail vein of each mouse in a volume of 0.2 ml. 
Beginning five days after injection of Mycobacterium tuberculosis, subcutaneous 
injections of 0.5 ml phosphate buffered saline or 0.5 ml sulfometuron methyl 
solution were given each day for 31 days. There were 4 groups of 8 mice. 
Phosphate buffered saline was given to one group and the remaining 3 groups 

20 received sulfometuron methyl doses of 20 mg/kg body weight, 100 mg/kg body 
weight, or 500 mg/kg body weight. Mice were sacrificed during a 3 day period 
immediately following the last injection. Spleens and lungs were removed and 
homogenized in 1 ml of phosphate buffered saline using a Dounce homogenizes 
The homogenates were diluted in phosphate buffered saline and plated on 

25 Middlebrook 7H10 OADC medium. Plates were incubated at 37°C in a 10% 
CO2 atmosphere for 4 weeks and colonies (colony forming units) were counted. 

Synthesis and Evaluation of Inhibitors of Branched Chain Amino Add 
Biosynthesis 

30 

There are three enzymes common to the biosynthesis of all three 
branched chain amino acids, leucine, isoleucine, and valine. They are 
acetolactate synthase (ALS), ketol-acid reductoisomerase (KARI), and 
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dihydroxy acid dehydratase (DHAD) (Figure 1). There are three enzymes 
unique to leucine biosynthesis; these are isopropylmalate synthase (IPMS), 
isopropylmalate isomerase (IPMI), and isopropylmalate dehydrogenase (IPMD). 
Not included in this discussion are the transaminases, for which corresponding 
5 enzymes would exist in humans, or the enzymes linking isoleucine (aspartate 
family) to aspartate through threonine, since it is not presently known whether 
pathogenic mycobacteria can obtain threonine from an infected host organism. 
Of the remaining six branched chain amino acid biosynthetic enzymes, there are 
potent inhibitors known for five that may have potential as antimycobacterial 

10 drugs. Inhibitors for four of these enzymes, acetolactate synthase, ketol-acid 
reductoisomerase, isopropylmalate isomerase, and isopropylmalate 
dehyrogenase, will be discussed in detail as within the scope of the present 
invention. Although inhibitors are known for the fifth enzyme, dihydroxy acid 
dehydratase, the inhibitors will not be discussed in detail because of their more 

15 modest potency, relative to the inhibitors for other enzymes, a lack of clear 
potential for development of greater potency, and that a high degree of 
selectivity for the target enzyme in vivo for one or more organisms has not been 
established (Flint and Nudelman, 1993; Pirrung et al., 1989). These criteria 
have been met by the known inhibitors of the other four enzymes (Hawkes et 

20 al., 1993; Wittenbach et al., 1992). Further, inhibition of acetolactate 
synthase, ketol-acid reductoisomerase, isopropylmalate isomerase, and 
isopropylmalate dehyrogenase in plants is cidal, although the underlying 
toxicology by which inhibition of these enzymes causes death remains unclear 
(Schloss, 1994; Wittenbach et al., 1992). Although inhibition of the 

25 corresponding enzymes in enteric bacteria (primarily Escherichia coli and 
Salmonella typhimurium) appears to be static, rather than cidal, the long term 
effect of any of these inhibitors, alone or in combination, on any microorganism 
has yet to be carefully examined. Further, since the slow rate of growth of 
pathogenic mycobacteria is much closer to that of plants than those 

30 microorganisms that have been examined to date, there is some reason to hope 
that their physiological response to inhibition of these enzymes may be similar 
(i.e. cidal). 
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Acetolactate synthase. Of the inhibitors of branched chain 
amino acid biosynthesis, only inhibitors of acetolactate synthase have been 
commercialized as herbicides. There are literally thousands of structurally 
5 diverse inhibitors known for this enzyme (Schloss et al. v 1988). The 
mechanism of action of these inhibitors is rather unusual, in that they appear to 
bind to an evolutionary vestige of a quinone cofactor site, that is no longer 
functional in acetolactate synthase. The inhibitors capture a form of the enzyme 
that is prone to oxidative inactivation, such that over a short period of time they 
10 are reversible yet time dependent, but eventually they can induce irreversible 
inactivation (Schloss, 1994). Since these inhibitors are not really active site 
directed nor interact with essential structural features of acetolactate synthase, 
resistant forms of the enzyme can readily be obtained that are uncompromised 
in catalytic function (Falco et ah, 1985). Although active site directed 
inhibitors of acetolactate synthase are known (Abell et al M 1995), they are far 
less potent than the other inhibitors and have little potential for biologic activity. 
Despite the possibility of resistance, the commercialized inhibitors of 
acetolactate synthase have proven to be extremely effective herbicides. 
Selection for resistance by crop vs. weed species has been achieved by obtaining 
selective metabolism of inhibitors in the crop plant, rather than resistance at the 
enzyme level (Brown and Cotterman, 1994). 

There are approximately 28 different inhibitors of acetolactate 
synthase that have been or are soon to be commercialized as herbicides 
(structures 1 through 8, Figures 3-6). These structures fall into four different 
classes of chemistry, the sulfonylureas (1, 21 examples given, Figs. 3-5), the 
imidazolinones (2-5, Figure 6), the triazolopyrimidine sulfonanilides (6-7, 
Figure 6), and the pyrimidyloxy salicylic acids (8, Figure 6). Once these 
structures are in use as components of weed control formulations, the reagent 
grade chemicals are commercially available from ChemService, West Chester, 
Pennsylvania. The sulfonylureas (1) are the most structurally diverse set of 
acetolactate synthase inhibitors. For the commercial structures there have been 
17 different substituents utilized at the Ri position, 8 different pyrimidines or 
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triazines utilized at the R2 position, and one compound in which the hydrogen 
normally present at the R3 position was replaced with a methyl. The chemistry 
of these different substituents (Ri and R2) has recently been reviewed (Gee and 
Hay, 1994) and the synthesis of these and other various substituents is well 
5 documented. The general synthetic method for the sulfonylureas lends itself 
readily to a combinatorial approach. As illustrated, condensation of a sulfonyl 
isocyanate with a primary or secondary amine readily gives 1 in good yields. 
The sulfonyl isocyanate can be prepared by reaction of the sulfonyl chloride 
with sodium cyanate (Gee and Hay, 1994). 



10 



Combinatorial Synthesis of Sulfonylureas 

0 o^o 
II II II 

-S-N=C=0 + R 3 — N — R 2 ► R1 — S-N— C — N — R 2 

4 & 1 1 

0 0 H R 3 



This method of synthesis would allow for the facile preparation of isotopically 
labeled sulfonylureas (from 14 C-cyanate) for metabolic or distribution studies in 

15 vivo. Alternatively, a sulfonylamide (Ri) can be condensed with a heterocyclic 
structure (R2) containing an isocyanate substituent (Gee and Hay, 1994). 
Restricting a combinatorial approach to those Ri, R2, and R3 substituents of 1 
that have been utilized in commercialized sulfonylureas would give 272 
different structures, only 21 of which have been developed as commercial 

20 herbicides. 



Synthesis for combinatorial optimization of inhibitory 
sulfonylureas can be carried out by multiplex syntheses (multiple simultaneous 
syntheses) (Mitscher, 1995) such as with a combinatorial reactor. The reactor 
25 consists of a benchtop orbit shaker (Lab-Line), a DIGI-BLOCK heater (Aldrich) 
with three DIGI-BLOCK heating blocks, capable of holding 24 or 12 tubes 
each. Thus, 72 tubes with dimensions of 13x100 mm, or 36 tubes (25x50 mm) 
are available as reaction vessels. With this reactor, reactions can be carried out 
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at room temperature, at elevated temperature and under an inert gas 
atmosphere. The reaction vessel can also be equipped with a reflux condenser 
made from a Wheaton chromatography column, filled with 3 mm glass beads. 
For anhydrous conditions the tubes are fitted with rubber caps into which 
5 syringe needles, connected to argon, are placed. Since the multiplex apparatus 
has a maximum of 72 reaction vessels, 72 reactions can be carried out 
simultaneously. Syringes, attached to commercially available Waters- Vacuum 
Manifold can be used to filter 24 samples at once. This set-up is also of utility 
for column chromatography (easy separations only) or can be put to use for 
solvent separations (separatory funnel). The multiplex reactor and the Waters- 
Vacuum Manifold apparatus have been used successfully in the Mitscher group 
to prepare libraries of hundreds of novel quinolone antibacterial agents and 
other drug candidates by muliplex syntheses. While use of such equipment is 
not essential, it will be helpful, and adapting the work to this format would 
make an extension of the project beyond the 272 target structures easier. 

Evaluation of the commercially available inhibitors of 
acetolactate synthase (1-8) and the sulfonylureas prepared by combinatorial 
synthesis can be carried out by use of a fixed-time, colorimetric assay for the 
enzyme (Tse and Schloss, 1993). The assay can easily be used to measure 
activity from crude extracts of plants or bacteria. Assays have been 
successfully adapted to a microtitre plate format, compatible with running 96 
single-time-point measurements simultaneously. Extracts (Allaudeen and 
Ramakrishnan, 1971; Allaudeen and Ramakrishnan, 1970; Allaudeen and 
Ramakrishnan, 1968) from y-irradiated Mycobacterium tuberculosis H37RV (70 
g of this organism have been obtained from Prof. John Belisle, Tuberculosis 
Research Materials, prepared under NIAID contract number N01 AI25147, and 
grown on Proskaur Beck minimal media to maximize expression of the enzymes 
specific to branched chain amino acid biosynthesis) can be assayed concurrently 
with purified acetolactate synthase isozyme I from E. coli and isozyme II from 
5. typhimurium as positive controls and for comparative purposes (Aulabaugh 
and Schloss, 1990; Schloss and Van Dyk, 1988). 
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Ketol-acid reductoisomerase. A series of ^-substituted oxalyl 
hydroxamates (9-14) were synthesized as analogs of the transition state for the 
rearrangement step of ketol-acid reductoisomerase (Figure 7) (Aulabaugh and 
5 Schloss, 1990). At all concentrations tested these compounds are virtually 
irreversible inhibitors of the E. coli (bacterial) and Arabidopsis thaliana (plant) 
ketol-acid reductoisomerase (Aulabaugh and Schloss, 1988). Determination of 
the potency of these compounds required the synthesis of 14c-iabeled N- 
isopropyloxayl hydroxamate (12). In the presence of Mg2+ and NADPH, 

10 [l*C]N-isopropyloxayl hydroxamate forms a nearly irreversible complex with 
the E. coli ketol-acid reductoisomerase. Half of the ketol-acid 
reductoisomerase-bound N-isopropyloxayl hydroxamate will exchange with 
unbound N-isopropyloxayl hydroxamate in six days (overall dissociation 
constant = 20 pM). Increasing the substituent on nitrogen from a hydrogen (9) 

15 to a benzyl group (13) increased the association rate for the inhibitor modestly 
(Aulabaugh and Schloss, 1990). Further increasing the size of the substituent to 
a 12-carbon chain (14) gave an inhibitor comparable in potency to 13 
(Aulabaugh & Schioss, unpublished), indicating that the substituent on nitrogen 
was directed out of the enzyme active site. These results would suggest that the 

20 substituent on nitrogen can be varied to optimize transport and detoxification 
properties of the inhibitor without compromising intrinsic activity against the 
enzyme. Compounds 10-12 are lethal to several plant species as well as being 
potent inhibitors of the growth of E. coli on minimal media (Aulabaugh and 
Schloss, 1990; Schloss and Aulabaugh, 1990; Wittenbach et al., 1991). 

25 Addition of branched chain amino acids to the growth media will protect both 
plants and bacteria against the effects of the oxalyl hydroxamates, indicating 
that these are highly selective inhibitors for this biosynthetic pathway. High 
concentrations of N-isopropyloxayl hydroxamate (1 mM) has no effect on the 
other two common enzymes of branched chain amino acid biosynthesis from E. 

30 coli, acetolactate synthase or dihydroxy acid dehydratase. 
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An experimental herbicide, the phosphinic acid 2- 
dimethylphosphinoyl-2-hydroxy acetic acid (18, Figure 7), was also discovered 
to be a potent and selective inhibitor of ketol-acid reductoisomerase from carrot 
(plant) (Hawkes and Edwards, 1990; Schulz et ah, 1988), E. coli (Aulabaugh 
5 and Schloss, 1988; Schulz et al M 1988) and Klebsiella pneumoniae (Schulz and 
Taggeselle, 1990). Although 2-dimethylphosphinoyl-2-hydroxy acetic acid does 
not inhibit the growth of E. coli (Aulabaugh and Schloss, 1990), it does inhibit 
the growth of K. pneumoniae (Schulz and Taggeselle, 1990). Interestingly, 
reversal of the growth inhibitory effect of 2-dimethylphosphinoyl-2-hydroxy 

io acetic acid on K. pneumoniae requires both branched chain amino acids and 
pamoate or (Schulz and Taggeselle, 1990), unlike the effect on carrot cells in 
culture that can be reversed by branched chain amino acids alone (Schulz et ah, 
1988). The inhibitory effect of 2-dimethylphosphinoyl-2-hydroxy acetic acid on 
K. pneumoniae is still due to potent and selective inhibition of ketol-acid 

15 reductoisomerase and suggests that in this organism ketol-acid reductoisomerase 
plays a significant role in pamoate biosynthesis (Schulz and Taggeselle, 1990). 

The oxalyl hydroxamates (9-14) can readily be synthesized from 
methyl oxalyl chloride and the appropriate iV-substituted hydroxylamine 

20 (Aulabaugh and Schloss; 1990; Aulabaugh and Schloss, 1988). If the N- 
substituted hydroxylamine is not commercially available (11, 14), it can be 
conveniently synthesized by reducing the inline formed from the aldehyde and 
hydroxylamine with sodium cyanoborohydride (Aulabaugh and Schloss, 1990; 
Aulabaugh and Schloss, 1988). The methyl esters of the oxalyl hydroxamates 

25 seem to be only several-fold less potent as inhibitors of the E. coli (bacteria) or 
Arabidopsis thaliana (plant) enzymes in vitro, than the corresponding potassium 
salts of their free carboxylates (Aulabaugh and Schloss, 1988). Similarly, the 
methyl esters and potassium salts of 10-12 have similar effects on the growth of 
E. coli and A. thaliana on minimal media (Aulabaugh and Schloss, 1988). The 

30 rates of hydrolysis of the esters appear to be far too slow to account for the 
former observation by hydrolysis of these esters under assay conditions 
(Aulabaugh & Schloss, unpublished observation). In any case, both the esters 
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and salts of these compounds can be tested as inhibitors of mycobacterial 
growth and as inhibitors of the enzyme in vitro. 

It has been reported that mycobacteria have both ketol-acid 

5 reductoisomerase and an ascorbate-dependent enzyme that catalyzes the 
isomerization of a p-keto acid to an a-keto acid (Allaudeen and Ramakrishnan, 
1971; Allaudeen and Ramakrishnan, 1970; Allaudeen and Ramakrishnan, 
1968). Since the equilibrium of this isomerization lies far in the non- 
physiological, p-keto acid direction (Aulabaugh and Schloss, 1990), the 

10 physiological relevance of the latter enzyme to branched chain amino acid 
biosynthesis seems dubious. However, to avoid missing such an activity, crude 
extracts from mycobacteria can be used to evaluate inhibitors by use of two 
different assays. In the first assay, the a-keto acid (2-oxo-3-hydroxy-3- 
methylbutyrate) can be allowed to isomerize to the p-keto acid (acetolactate) in 

15 the presence of NADP and Mg 2 + . The £. coli enzyme will also catalyze this 
isomerization (Aulabaugh and Schloss, 1990). Incubations can be quenched 
with acid and worked up by the same protocol used in the fixed-time assay for 
acetolactate synthase (Tse and Schloss, 1993). This assay will rely on the 
formation of acetoin by acid-catalyzed decarboxylation of acetolactate (the p- 

20 keto acid). Such an assay should be compatible with measuring activity in 
crude extracts of plants or bacteria. Purified E. coli ketol-acid 
reductoisomerase (already available in Prof. Schloss* laboratory) can be used as 
a positive control and for comparative purposes. A second assay will also be 
employed, that utilizes [ 14 C-carboxy]acetolactate. The radiolabeled acetolactate 

25 can be prepared from commercially available [l-^CJpyruvate and purified 
acetolactate synthase isozyme II (also available in Prof. Schloss' laboratory). 
Conversion of [ l4 C]acetolactate to 2,3-dihydroxy-3-methyI[l- 14 C]butyrate by 
the action of ketol-acid reductoisomerase and NADPH results in the conversion 
of the acid labile radioactivity (a, p-keto acid) to an acid stable form (an a,P- 

30 dihydroxy acid). This radiometric assay has been used successfully to evaluate 
inhibitors of ketol-acid reductoisomerase in crude extracts from bacteria and 
plants (Aulabaugh and Schloss, 1988). Both assays will also be conducted in 
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the presence of ascorbate, but in the absence of NADPH, to test for the 
presence of the ascorbate-dependent isomerase reported by Allaudeen & 
Ramakrishnan (Allaudeen and Ramakrishnan, 1970; Allaudeen and 
Ramakrishnan, 1968). 

5 

Isopropylmalate isomerase. Similar to the mechanistically 
related enzyme aconitase, nitronate analogs of the substrates of isopropylmalate 
isomerase, 19 and 20 (Figure 7), are potent inhibitors of the yeast enzyme, 
presumably by virtue of their structural similarity to carbanionic reaction 

10 intermediates (Emptage, 1990; Emptage and Schloss, 1986). These compounds 
have no affect on the growth of yeast on minimal media, however, most likely 
due to the rapid rate at which these compounds decompose (retro-aldol) in the 
presence of divalent metals (Schloss, unpublished observation). The problem of 
stability was overcome by use of cyclic nitronate analogs, 21 and 22 (Hawkes et 

15 al., 1993). An additional consideration is the affect that the ring has on the 
nitro alkane's pKA, since only the nitronate forms of these compounds are good 
inhibitors of isopropylmalate isomerase (Emptage, 1990; Emptage and Schloss, 
1986; Hawkes et al M 1993). In contrast to compounds 19 and 22, that have 
pKAs for ionization of the nitro alkane of 9.5 and 11.1, respectively, the pKA 

20 for 21 is 7.3 (Hawkes et al., 1993). Thus, the cyclopentane ring of 21 insures 
stability of the molecule, while at the same time lowering the pKA of the 
carbon acid. Although in their fully ionized, nitronate forms, 19 and 21 are 
comparable as inhibitors of the yeast isopropylmalate isomerase, under 
physiological conditions (pH 7) 21 is a much more potent inhibitor than 19. 

25 The herbicidal activity of 21 is also reversed by leucine alone (Hawkes et al., 
1993). Synthesis of 21 can be carried out as described (Burrows and Turner, 
1966; Hawkes et al., 1993) and evaluated by use of p-isopropylmalate (Schloss 
et al., 1988) and crude mycobacterial extracts. Since the enzyme from yeast is 
known to be an iron-sulfur protein and exceedingly labile (Emptage, 1990), it 

30 may prove to be rather difficult to evaluate the intrinsic activity of 21 for the 
mycobacterial isopropylmalate isomerase. An alternate assay, that may prove 
to be more sensitive and compatible with crude extracts, would be to use 
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dimethylcitraconate as substrate (Schloss et ai., 1988) and add purified S. 
typhimurium isopropylmaiate dehyrogenase, NAD, and Mg 2 + to convert the P- 
isopropylmalate to 2-oxo-4-methylpentanoate and C02. The resultant 2-oxo- 
acid can be assayed coiorimetrically with dinitrophenylhydrazine (Wittenbach et 
5 al., 1994). 

Isopropylmaiate dehyrogenase. Based on the observation that 
the herbicidal effect of the 0-substituted oxalyl hydroxamates in plants (pea root 
cultures) could be reversed by leucine alone, it was discovered that the O- 

10 substituted oxalyl hydroxamates (15-17) are selective inhibitors of 
isopropylmaiate dehyrogenase (Wittenbach et al., 1992; Wittenbach et al., 
1994) (Figure 7). Compared to isopropylmaiate dehyrogenase, the O- 
substituted oxalyl hydroxamates (15-17) are rather poor inhibitors of ketol-acid 
reductoisomerase (Aulabaugh and Schloss, 1988; Wittenbach et al., 1992; 

15 Wittenbach et al., 1994). Compounds 15-17 are potent inhibitors of the 
purified 5. typhimurium and crude pea isopropylmaiate dehyrogenase 
(Wittenbach et al., 1992; Wittenbach et al., 1994). These compounds do not 
inhibit either of the other two enzymes specific to leucine biosynthesis, 
isopropylmaiate synthase or isopropylmaiate isomerase (Wittenbach et al., 

20 1992). Synthesis of 15-17 can be conducted as previously described 
(Aulabaugh and Schloss, 1988; Wittenbach et al., 1994) and these compounds 
can be evaluated as inhibitors of isopropylmaiate dehyrogenase from crude 
extracts of mycobacteria by use of the fixed-time, colorimetric assay that 
employs dintrophenylhydrazine (Wittenbach et al., 1994). Recently, analogs of 

25 15-17 have been reported, but the potency of these compounds is rather modest, 
their in vivo selectivity has yet to be established, and they do not merit fiirther 
consideration at this time (Pirrung et al., 1994). 

Susceptibility of Mycobacterium tuberculosis to branched chain amino acid 
30 biosynthetic pathway inhibitors in vitro. 
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Mycobacterium tuberculosis strain ATCC35801 can be used to 
measure minimum inhibitory concentrations because it is the strain that can be 
used for the mouse model studies. To accommodate the large number of 
inhibitors to be tested, the agar dilution assay can be modified so that it can be 

5 performed in 24-well covered microtiter dishes. With this modification, several 
inhibitors can be tested simultaneously. Initial pilot screening can be done with 
medium containing high concentration of inhibitor to identify those compounds 
that inhibit Mycobacterium tuberculosis growth. Any compound that inhibits 
growth at high concentration can be tested further by performing serial dilutions 

10 to determine the minimum inhibitory concentration. The methods can be 
validated by determining minimum inhibitory concentrations for rifampicin and 
isoniazid. 



Compounds that are determined to have a low minimum 

15 inhibitory concentration (<50 mg/ml) can be tested for bactericidal activity 

using a tube dilution assay. A plate of Middlebrook 7H10 minimal medium can 

be inoculated from a 7H11 slant culture and incubated for 3 weeks at 37 °C. 

Cells from the plate can be used to inoculate 100 ml of Middlebrook 7H9 

minimal medium supplemented 0.05 % Tween 80 in a Cytostir flask (Kontes). 

20 The liquid culture can be incubated at 37 °C with constant stirring until the 

8 

density is approximately 10 cells/ml as determined by absorbance. The culture 
can be diluted to 10 6 cells/ml, and divided into 5 ml aliquots to which various 
concentrations of the inhibitor can be added. The starting colony forming units 
in these cultures can be determined by removing a sample, sonicating briefly to 

25 disrupt clumps of bacteria, and plating for colony counts. The cultures can be 
incubated for 20 days, samples can be removed, and final colony forming units 
can be determined. If the inhibitor is bactericidal, then the final colony forming 
units measured in cultures containing inhibitor will be lower than the starting 
colony forming units in the same culture. The minimum concentration of 

30 inhibitor that causes a significant decrease in colony forming units can be 
defined as the minimum bactericidal concentration (MBC). 
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Methods for minimum inhibitory concentration and minimum 
bactericidal concentration determination using 24-well microtiter plates can be 
developed. Microtiter plate cultures containing liquid minimal medium with 
various concentrations of inhibitor can be inoculated with exponentially growing 
5 Mycobacterium tuberculosis. Starting colony forming units can be measured, 
cultures can be incubated with slow aeration at 37° C, and growth can be 
monitored both visually and by a colormetric method using Alamar blue (Yajko 
et aL, 1995). Alamar blue (Sensitire/Alamar, Westlake, Ohio) is an indicator 
that changes from blue to pink in the presence of growing Mycobacterium 

10 tuberculosis. Indicator can be added to the wells and cultures will heated to 50° 
C for 2 hours to allow color to develop. If the culture contains growing 
mycobacteria, the indicator turns blue. To determine the incubation time 
required to produce detectable growth, duplicate cultures can be incubated at 37 
°C for 7, 10, and 14 days and the colorimetric test can be performed. When 

15 the incubation time required for colorimetric detection has been established, this 
incubation time can be used for measurements of minimum inhibitory 
concentrations. Because the color development with the Alamar blue assay 
involves a 50 °C incubation and will probably affect viability of the bacteria, 
determination of minimum bactericidal concentration can be performed with a 

20 separate set of cultures. Once the minimum inhibitory concentration has been 
established, minimum bactericidal concentration can be determined by removing 
samples from cultures containing inhibitor and comparing starting and final 
colony forming units as described above. For controls, the minimum 
bactericidal concentration and minimum inhibitory concentration of rifampicin 

25 and isoniazid can be determined. 
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Measurement of Synergy Between Antimycobacterial Compounds 

Compounds that inhibit different steps of branched chain amino 
acid synthesis may be synergistic with respect to growth inhibition. This was 

5 demonstrated when a combination of sulfometuron methyl and N-isopropyloxayl 
hydroxamate, inhibitors for the first and second steps in the branched chain 
pathway, respectively produced a 250-fold decrease in minimum inhibitory 
concentration (Table 1). Inhibitors that show a significantly low minimum 
inhibitory concentration (<50 ^g/ml) can be combined with inhibitors of 

10 different steps in the pathway to determine if there is synergy between these 
compounds. If combination of two inhibitors causes a greater than 10-fold 
reduction in minimum inhibitory concentration, minimum bactericidal 
concentrations of this combination can be determined and the combination can 
be tested in a mouse model study. 

15 

Inhibition of mycobacterial infection in mice using inhibitors of branched 
chain amino acid biosynthesis. 

In the preliminary mouse model study, the colony forming units 
20 measured in the spleens and lungs was less than expected based on comparison 
with other studies (Klemens et al., 1994; Lalande et al. f 1993). The most likely 
reason for this is that the bacteria used for infection were taken from the surface 
of an agar slant. The low infection rate may have resulted because of a high 
percentage of inviable cells on the surface of the agar medium (Brown, 1983). 
25 To prevent this problem in future studies, bacteria to be used for mouse 
infections can be cultured in Middlebrook 7H9 ADC liquid medium containing 
0.05% Tween 80. The culture can be grown in a Cell-stir (Kontes) flask 
containing a suspended magnetic stir-bar that will maintain constant aeration of 
the culture. This method will help to maintain viability of the bacteria (Brown, 
30 1983). After 10 days of growth, the culture can be centrifuged and cells can be 
suspended in medium containing 15% glycerol. This suspension can be divided 
into aliquots to be stored at -80 °C and colony forming units/ml of the frozen 
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stock can be determined. Because glycerol is toxic to mice it must be removed 

from the cell preparation prior to injection. To remove glycerol, cells from one 

of the frozen stocks can be pelleted by centrifugation and suspended in 

7 

phosphate buffered saline to a concentration of 5 X 10 colony forming 
5 units/ml. Clumps of bacteria can be disrupted immediately prior to intravenous 
injection by sonicating the suspension briefly with a Branson sonifier equipped 
with a cup horn and 0.2 ml of the suspension (10 colony forming units) can be 
injected into the tail vein of mice. The protocol for injections of inhibitor and 
determination of colony forming units in lungs and spleen can be as described 
10 above in the methods section of this application. 



Inhibitors and combinations of inhibitors that have a low 
minimum inhibitory concentration (<5 |ig/ml) and that are not toxic to mice 
can be tested for in vivo activity in mouse model studies. The experimental 

15 approach can be used initially to repeat the experiment using a dose of 500 
mg/kg of sulfometuron methyl (Figure 2) and to test the combination of 20 
mg/kg sulfometuron methyl and 200 mg/kg N-isopropyloxayl hydroxamate. 
When new inhibitors are obtained, pilot studies can be performed with high 
doses of inhibitor to quickly identify potentially useful compounds. Inhibitors 

20 that are effective at high doses can be tested further in dose-response 
experiments to determine the minimum dosage required to inhibit growth of 
bacteria in vivo. For all studies, a control group of mice will receive 25 mg/kg 
isoniazid, which significantly reduced Mycobacterium tuberculosis in spleens 
and lungs of mice (Lalande et al., 1993). 

25 

Identification of inhibitors that reduce Mycobacterium tuberculosis colony 
forming units in vivo 

To determine if injections of inhibitor reduces the number of 
30 bacteria in vivo, a group of infected "early control" mice can be added to the 
dose-response experiments described above. The early controls can be 
sacrificed on the day that inhibitor injections are started (day 5 after infection) 
and colony forming units in the spleens and lungs can be determined ("starting 
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colony forming units"). Starting colony forming units can be compared with 
colony forming units determined at the end of the 30-day treatment ("final 
colony forming units"). If treatment with the inhibitor causes killing of 
Mycobacterium tuberculosis in vivo, then the final colony forming units can be 

5 lower than the starting colony forming units. If, on the other hand, the 
inhibitor simply prevents growth of the bacteria over the 30-day trial period, 
then the final colony forming units can be equivalent to the starting colony 
forming units. When similar comparisons were done with standard 
antimycobacterial drugs, isoniazid and rifampicin caused a decrease in final 

10 colony forming units, whereas pyrazinamide and ethambutol did not cause a 
decrease (Klemens et al., 1994). Of course, killing action of any of the drugs 
to be tested will presumably be aided by the immune system of the mouse 
(Brown, 1983). 



15 
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Table 2 



Minimum Inhibitory Coneentratons 
of first-line anti-tuberculosis drugs a 



Drug 


mode of action 


target 


MIC (ng/ml) 


Isoniazid 


inhibits mycolic 
acid synthesis 


Enoyl-acyl carrier 
protein reductase 0 


0.2 


Ethambutol 


inhibits mycotic 
acid synthesis 


? 


2 


Pyrazinamide 


inhibits mycolic 
acid synthesis 


? 


16 


Rifampicin 


inhibits RNA 
synthesis 


RNA polymerase 


0.5 


Streptomycin 


inhibits protein 
synthesis 


Ribosomal 30S 
subunit 


3 



io "Heifets, L. B. (1994) 
"Dressenetal. (1995) 



WO 97/37660 



30 



PCT/US97/05912 



Table 3 



Kruskal-Wallis test 



for overall differences a between sample sets. 



Sample set 


Chi-square 


degrees of freedom. 


P 


Spleen 


6.8 


3 


0.07 


Lung 


11.1 


3 


0.01 


a P<0.05 considered significant 
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Table 4 

5 

Mann- Whitney U test 
for significant differences a 
in colony forming units values measured in lungs 

10 



groups compared 2-tailed P 



PBS and 20 mg SM/kg 


0.39 


PBS and 100 mg SM/kg 


0.65 


PBS and 500 mg SM/kg 


0.03 


20 mg/kg and 100 mg SM/kg 


0.31 


20 mg/kg and 500 mg SM/kg 


0.002 


100 mg/kg and 500 mg 


0.009 



SM/kg 

*P<0.05 considered significant 



Throughout this application, various publications have been 
15 referenced. The disclosures in these publications are incorporated herein by 
reference in order to more fully describe the state of the art. 
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1. A method for treating tuberculosis in a mammal which 
comprises administering to the mammal a therapeutically effective amount of an 

5 inhibitor compound that inhibits an enzyme in the branched chain amino acid 
biosynthetic pathway in Mycobacterium tuberculosis. 

2. The method according to claim 1, wherein the inhibitor 
compound is an inhibitor of an enzyme selected from the group consisting of 

10 acetolactate synthase, ketol-acid reductoisomerase, dihydroxyacid 
dehydrogenase, isopropylmalate synthase, isopropylmalate isomerase, and 
isopropylmalate dehydrogenase. 

3. The method according to claim 2, wherein the inhibitor 
15 compound is an inhibitor of an enzyme selected from the group consisting of 

acetolactate synthase, ketol-acid reductoisomerase, isopropylmalate isomerase, 
and isopropylmalate dehydrogenase. 

4. The method according to claim 3, wherein the inhibitor 
20 compound is an inhibitor of acetolactate synthase. 

5. The method according to claim 4, wherein the inhibitor is 
selected from the group consisting of sulfonylureas, imidazolinones, 
triazolopyrimidine sulfonaniiides, and pyrimidyloxy salicylic acids. 

25 

6. The method according to claim 5, wherein the inhibitor is a 

sulfonylurea. 

7. The method according to claim 6, wherein the inhibitor is 
30 sulfometuron methyl. 

8. The method according to claim 2, wherein the inhibitor 
compound is an inhibitor of ketol-acid reductoisomerase. 
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9. The method according to claim 8, wherein the inhibitor 
compound is N-isopropyloxayl hydroxamate. 

5 10. The method according to claim 2, wherein the inhibitor 

compound is a combination of an inhibitor that inhibits acetolactate synthase and 
an inhibitor that inhibits ketol-acid reductoisomerase. 

11. The method according to claim 10, wherein the inhibitor 
10 compound is a combination of a sulfonylurea and an imidazolinone. 

12. The method according to claim 11, wherein the inhibitor 
compound is a combination of sulfometuron methyl and N-isopropyloxayl 
hydroxamate. 

15 

13. The method according to claim 1, wherein the inhibitor 
compound is present in an amount from about lmg/kg to about 500mg/kg body 
weight. 

20 14. The method according to claim 13, wherein the inhibitor 

compound is present in an amount from about 5mg/kg to about 350mg/kg body 
weight. 

15. The method according to claim 7, wherein the inhibitor 
25 compound is sulfometuron methyl present in an amount from about lOmg/kg to 
about 200mg/kg body weight. 
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16. A therapeutic composition useful for treating tuberculosis in 
a mammal which comprises an inhibitor compound that inhibits acetolactate 
synthase and an inhibitor compound that inhibits ketol-acid reductoisomerase in 
the branched chain amino acid biosynthetic pathway in Mycobacterium 
tuberculosis. 

17. The therapeutic composition according to claim 16, wherein 
the composition is a sulfonylurea and an imidazolinone. 

18. The therapeutic composition according to claim 17, wherein 
the composition is sulfometuron methyl and N-isopropyloxayl hydroxamate. 
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